In this paper, an unconstrained cardiac monitoring system with a novel dual tripolar concentric ring (D-TCR) geometry-based flexible active ECG electrodes is presented. The D-TCR ECG electrode, which based on the conductive flexible and stretchable Ag NWs/PDMS composite material, is designed to acquire the high-fidelity electrocardiographic potentials. The proposed system overcomes the constraints of the conventional ECG monitoring device, and provide the superiorities in far-field rejection, power line interference attenuation, driven right leg-release, etc. The effectiveness and feasibility of the proposed system were evaluated on a dataset that involves 16 subjects with different clothing materials and sleep postures. The average Pearson correlation coefficient of the heart rate variability (HRV) that extracted from the ECG signals obtained by the proposed system and the commercial device can reach over 0.95 with different clothes and postures. Furthermore, to give the quantitative analysis of the ECG, the error rates of timedomain and frequency-domain features extracted from the ECG signal are measured, which are less than 3%. Experimental results exhibit that the proposed system can achieve favorable signal quality and satisfy the basic requirements of the cardiorespiratory monitoring during sleep. Furthermore, the proposed system is expected to provide valuable information for sleep health surveillance, e.g., detecting cardiac abnormalities.
I. INTRODUCTION
Sleep disorders, involving signs and symptoms like excessive daytime sleepiness, difficulty in sleeping, irregular breathing or increased movement during sleep, and abnormal sleep behaviors, is a public health issue and affect sleep quality and life expectancy [1] . It normally associated with an increased risk of heart rates fluctuations, cardiac arrhythmias, and other cardiovascular diseases [2] , [3] . Electrocardiogram
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(ECG), as a crucial health indicator, provides comprehensive cardiopulmonary information in sleep health surveillance, e.g., cardiac abnormalities detection [4] , sleep apnea monitoring [5] , [6] , etc. To provide an alternative unobtrusive solution for long-term sleep monitoring and cardiac abnormalities detection, an ECG monitoring system is desirable.
In conventional ECG monitoring during the sleep, a minimal three gel electrodes involving reference and working electrodes pair are used for measuring the biopotentials. These gel electrodes namely, Ag/AgCl electrodes, construct the ion pathway between the skin and the Ag/AgCl metal disc and reduce the ultra-high impedance of the stratum corneum via the electrical gel. While, the disposable rigid Ag/AgCl electrodes suffer from the drawbacks such as, the requirement of skin preparation for maintaining stable electrical contact environment of the interface; the high-risk of skin infections which may occur due to the electrode adhesives; the deterioration of signal quality with volatilization and dehydration of the gel in long-term monitoring [7] , [8] ; etc. To a great extent, these drawbacks limit the routine or long-term utilization of ECG monitoring.
Recently, several novel dry electrode-based ECG systems are proposed. Textile material-based electrode is designed as an idealized substitute for the conventional Ag/AgCl electrode [9] , [10] . The comfortableness of the system is improved, however, the signal acquired by this system is limited due to the high skin-to-electrode impedance. Meanwhile, the Driven Right Leg electrode is applied for attenuating the common-mode interference, whereas, power line interference is still severe in obtained ECG signal. To acquire signal through the clothes, the non-contact electrode-based systems are also proposed. In [11] and [12] , those so-called capacitive coupling electrode is frequently made of a metal plate with a pre-processing circuit mounted on the electrode self. It provides a solution that can avoid skin preparation, abrasion, and infections, and realize unconstrained monitoring [13] . However, to attenuate the interference coupled from electromagnetic radiation signals in free space, a large isolation metal plate is utilized for stabilizing the potential fluctuation on the human body, and the signal quality of the ECG is sensitive to the contact quality between the isolation plate and subject. Hence, the high signal sensing capability through clothes, simplified electrode amount and configuration, the high fault-tolerant for contact environment, and the efficient interference suppression capability are the existing issues that still needed to be improved.
In this paper, an unconstrained cardiac monitoring system with the novel dual tripolar concentric ring (D-TCR) geometry-based flexible active ECG electrodes is proposed. The active ECG electrodes are made of the Ag NWs/PDMS flexible composite material, which provides comfortable and non-conductive contact sensing capability for long-term monitoring. Meanwhile, with the novel dual tripolar concentric ring geometry-based design, the proposed system gains superiorities in far-field rejection, power line interference attenuation, driven right leg (DRL)-release, etc. Furthermore, the electrical characterization of the proposed system is evaluated. Followed by the assessment of the impact of the different clothes and postures on the proposed system during the sleep scenario.
The rest of this paper is organized as follows. Section II gives an overview of the whole ECG monitoring system. Section III provides a detailed explanation of the active D-TCR flexible ECG electrode design and fabrication. Section IV shows the post-stage signal conditional circuit design and implementation. Section V offers a comprehensive analysis of the system electrical characterization evaluation. Meanwhile, the impact of the different clothes and postures on the proposed system during the sleep scenario is presented. At last, the conclusion is presented in section VI.
II. SYSTEM DESIGN
To acquire the high-fidelity cardiac bioelectrical signal and provide flexible and comfortable monitoring without intervening natural sleep, a novel unconstrained cardiac monitoring system is proposed. Fig. 1 presents the system architecture including the signal acquisition part and signal processing part. For the first part, the differential configurational active D-TCR ECG electrodes are utilized for raw analog ECG signal sensing. Two electrodes are mounted on the center of the pillow and the middle of the mattress, respectively. Subsequently, the output signal is passed to the signal conditioning circuit module, which is embedded into the bed. The signal conditioning circuit is designed for amplification, filtering, analog-to-digital conversion. Finally, the digital ECG signal is transmitted to the personal computer via the wireless transmission protocol to complete the further signal processing, visualization, and interpretation. The main contribution of the proposed system can be summarized as below.
• Propose a novel geometrical design of the active ECG electrodes, which theoretically gains high signal acquisition accuracy and reduces the truncation error.
• Provide a comfortable and non-contact ECG sensing for long-term monitoring with the stretchable and flexible Ag NWs/PDMS composite material.
• Propose a driven right leg-free mechanism with crosslayer optimization, which can reject common-mode interference and acquire the ECG signal with only two electrodes.
• Offer a comprehensive electrical characterization evaluation protocol for assessing the system performance and evaluate the performance of the proposed system during the sleep scenario.
III. THE DUAL TRIPOLAR CONCENTRIC RING GEOMETRY-BASED ECG ELECTRODES DESIGN
In this section, existing concentric ring geometry-based electrodes design methods are briefly introduced. Inspired by the existing works, a novel dual tripolar concentric ring geometry-based electrodes design method is proposed. Meanwhile, to provide a comfortable solution for ECG monitoring, a flexible Ag NWs/PDMS composite material is used, followed by a detailed pre-stage signal conditioning circuit design.
A. EXISTING CONCENTRIC RING GEOMETRY-BASED ELECTRODE DESIGN METHODS
Generally, the conventional ECG electrode can only provide global information of the heart rhythm due to the blurring effects of the volume conductor with disc electrode [14] . Namely, it lacks high spatial resolution and selectivity, also there is insufficient far-field suppression effect. To address these limitations, great advancement has been achieved in the past several years. One of the improvements is the establishment of the Surface Laplacian Mapping principles to bio-potentials acquisition. Surface Laplacian, as the second spatial derivative of the surface potentials [15] , is considered to enhance the high spatial frequency components and improve the spatial resolution of the observation point. Subsequently, Hjorth [16] proposed a numerical approximation technique, which is the five-point method (FPM), to analyze and apply the surface Laplacian for EEG study. In the next few years, He and Cohen [17] proposed a bi-polar concentric ring ECG electrode for obtaining the body surface Laplacian potential directly as shown in Fig.2a . Meanwhile, an array of the bipolar ECG electrodes attached on the surface of the subject is utilized for creating the spatial Laplacian mapping. Due to the higher spatial resolution of the novel sensor, this approach makes researching the depolarization and repolarization process of the different region of the body possible. However, compared with conventional disc bipolar configuration, the ECG signal is extracted from the outer ring and center dot, which leads to the waveform features are different from the previously used methods. Therefore, further signal interpretation is necessary so that the doctor can understand. Recently, tripolar concentric EEG electrodes have been proposed by [18] , which enhance the spatial resolution and signal quality. Tripolar concentric ring EEG electrodes have been proposed for higher spatial resolution for surface Laplacian potential measurement like shown in Fig. 2b . Whereas, both the bipolar design and tripolar design are passive electrodes, they lack comfortable interactive experience, which is frequently based on the metal plate design. Also, the DRL circuit is necessary for attenuate the common-noise, as well as skin-preparation, is an essential step before the experiment. To address these issues, a novel dual tri-polar concentric ring geometry-based ECG electrode is proposed. 
B. THE ACTIVE DUAL TRI-POLAR ECG ELECTRODE DESIGN
The dual tripolar concentric ring (D-TCR) geometry-based ECG electrodes is inspired by the bipolar electrode based on FPM method, and combined the NPM method utilized for tripolar EEG electrode analysis [18] - [20] , the main principle is described as below.
As shown in Fig. 3 , there is a mesh with an internal grid spacing of r when illustrating the FPM and NPM method, which is representative of the spatial distribution of the potential on the body surface. And v 0 through v 8 are the potentials at the P 0 through P 8 , respectively. As for the FPM method, which corresponds to bipolar electrode configuration approximation, they are consists of v 5 , v 6 , v 7 , v 8 and v 0 with a spacing of 2r. According to the numerical analysis of Huiskamp [21] , the Laplacian potentials at point P 0 are calculated as:
where
are the average potential of the v 5 , v 6 , v 7 and v 8 corresponding to points P5 ∼P8 as well as the truncation error. When the discrete numerical analysis is applied for the bipolar configuration, the integral along a circle of radius 2r is alternative for average. Hence, define polar coordinates transformation as:
The formula (1) converts to:
However, the outer concentric ring has a certain width after the engineering implementation. Therefore, the modified formula showed as:
where R 1 and R 2 refer to the inner and outer diameters of the concentric ring, respectively and R 2 > R 1 . Specifically, the NPM method, which corresponds to tripolar electrode configuration approximation, can be equivalent to two FPMs: the v 1 , v 2 , v 3 , v 4 and v 0 form one FPM model with the spacing of r; and the v 5 , v 6 , v 7 , v 8 and v 0 form another FPM model with the spacing of 2r. Therefore, the Laplacian potentials at the point P 0 are given as follows:
are the average potentials of the medium ring and outer ring respectively. And O(r 4 ) is the truncation error. In our proposed dual tripolar concentric ring active electrode configuration, the signal is re-routed from the post-stage system. Specifically, the potentials setup are given by:
It means that the potentials both of medium ring and outer ring are fixed without orientation and spatial localization issue.
When we applying NPM method to the tripolar concentric ring electrode model, the integral along the circle to give the theoretical analytic expression is executed as was used for bipolar configuration. As in Huiskamp [21] results shown, the voltage between the medium ring and center dot is given by:
Similarly, the voltage between the outer ring and center dot also can be given. After mathematical derivation, the Laplacian potential at point P 0 is given by:
Considering the effect of thickness, the modified theoretical analytic expression is given by:
where the R1 and R2 refer to the inner and outer diameters of the medium ring, respectively, and the R3 and R4 refer to the inner and outer diameters of the outer ring respectively. As we design dual tripolar concentric ring active configuration, the ECG signal is extracted from:
Similarly
Therefore, the ECG is extracted by:
Comparison of (6) and (17) reveals that the dual tripolar concentric ring electrode configuration does not contain the fourth-order derivative term, which has smaller truncation error, hence, this type of configuration has higher accuracy VOLUME 7, 2019 theoretically. Meanwhile, it has the characterization of farfield rejection and spatial filtering [22] , hence, which more suitable for ECG acquisition from the perspective of numerical calculation.
C. THE ACTIVE DUAL TRI-POLAR ECG ELECTRODE CONFIGURATION BASED ON AG NWS/PDMS FLEXIBLE MATERIAL
To provide flexible and skin-friendly user experience, a conductive and stretchable Ag NWs/PDMS composite material is proposed for the D-TCR electrode fabrication. Fig. 4a∼d illustrates the manufacturing process. Firstly, the silver nanowires (Ag NWs) paste is screen printed on a glass substrate with a shape of the tripolar concentric ring, and then the printed pattern is dried in a vacuum oven to form threedimensional (3D) Ag NWs network. Next, the liquid PDMS penetrates into the pores of the Ag NWs network after casting onto the Ag NWs film. Finally, when peeled off the substrate, the Ag NWs/PDMS composite electrode film formed after curing at 80 • C for 4 h. Specifically, the composite material has a double-layer structure, the first layer is a composite layer of Ag NWs and PDMS with a thickness of about 7µm, which forms the conductive and stretchable layer, and the second layer is pure cured PDMS, which acts as the stretchable substrate. Owing to the highly cross-linked network structure of Ag NWs, the composite electrode has a high conductivity of 6912 S/cm, namely, the typical resistance value of a composite material (L = 3cm, W = 5mm) is 1.24 ohms. More details of the Ag NWs/PDMS material can be found in our previous research [23] - [25] . Because of the flexibility and high conductivity, the Ag NWs/PDMS composite material can be an ideal candidate for sensing the ECG signal comfortably.
D. THE PRE-STAGE CIRCUIT OF THE PROPOSED ECG ELECTRODE DESIGN
To prevent signal damaged by the complete mismatch of the contact impedance on the different electrodes [26] , the high common-mode rejection ratio (CMRR) is desired, and one of the cost-efficient approaches is optimizing the pre-stage circuit.
In the natural sleep process, different people may have different sleep habits. Some may prefer to maintain topless, and some may prefer to wear pajamas. To optimize active electrode design to monitoring the cardiac status unconstrainedly, the skin-electrode interface model and the equivalent circuit model are analyzed, as shown in Fig. 5 .
As for topless people, the equivalent circuit of the skin-to-electrode interface is approximate resistive contact type. However, as for people sleeping with clothes, the contact model changes to both resistive and capacitive contact type. Specifically, in Fig. 5b , the C p and R p represent the parasitic capacitor of the double-layer interface between the skin surface and the electrode with clothes inside, and their charge transfer resistance, respectively, which are time-varying parameter models. Different clothes have different characterization, the relative relationship between C p and R c changes as the material features.
Besides, the epidermis layer mainly composes of stratum corneum layer can be viewed as a reduced resistance R sc that connected to a capacitor C sc in parallel [27] . Furthermore, the inner dermis can be viewed as a resistance R d closely connected to the epidermis layer in series. Generally, higher in-vitro impedance, which consists of human body electrical characterization (R d , R sc , C sc ) and that of the skin-electrode interface (C p , R c , R Interface ), will introduce a phase shift to the signal and maybe cause signification signal attenuation and distortion. Meanwhile, according to Ohm's law, the poststage circuit can only achieve high signal partial voltages with much greater input impedance than the signal source, namely, the in-vitro impedance.
Therefore, to improve the tolerance for the electrical contact environment between the skin-to-electrode interface, remove the skin preparation as well as sticky-use way, and to acquire ECG signal through the clothes, we design a buffer to supply ultra-high input impedance to reduce the attenuation of the bio-potential signal. Meanwhile, an optional passive second-order low-pass RC filter circuit, integrated into to the post-stage signal conditional circuit, is designed to remove out-of-band noise and prevent signal aliasing distortion as shown in Fig. 6 : Whose frequency response formula is as follows:
Benefits from the active design, the input impedance of the system improved significantly. Therefore, skin treatment and abrasion are not necessary. Furthermore, for some frequently used clothing material, the proposed system still can provide high-quality ECG signal through the cloth, which will be shown in the following experiment section. In addition, due to the electrical properties of the active D-TCR, which is that the equivalent output impedance is approximately zero, the power line interference is attenuated during the transmission.
IV. HARDWARE IMPLEMENTATION
In this section, the post-stage signal conditioning circuit design and implementation are presented. Firstly, the guideline of the DRL-release mechanism and cross-layer optimization method is proposed, then, under the guidance of it, the post-stage system is implemented.
A. THE DRL-RELEASE MECHANISM AND CROSS-LAYER OPTIMIZATION METHOD
One of the primary and significant issues deteriorating the signal quality for bio-potential measurement system is interference signals, and they mainly come from two approaches: one of them is the displacement currents in leads generated by various electromagnetic radiation signals in free space between the electrode and post-stage acquisition system. On the other hand, the common-mode signals may be induced from the human body caused by coupling with electromagnetic radiation signals, in the future processing process, it might convert to differential signals so that deteriorating signal quality when the CMRR is insufficient [28] .
In the past several years, there are large quantities of advancement to reduce the common-mode interference [29] , [30] . The most cost-effective and easy-to-configuration method is Driven Right Leg (DRL) method [28] .
The standard DRL circuit is shown in Fig. 7 utilizes one extra electrode or one of the leads of the existing channel to sense the average voltage of the input voltage, which is the approximation of the common-mode voltage, then, the average voltage is utilized for driving the amplifier to generate the bias voltage signal to drive the human body, which is given by:
In this way, the common-mode interference is attenuating to some extent. However, it is almost impossible to acquire the actual average input electrode to achieve optimum common-mode reduction. Therefore, in practice, this method is not as good as in theory.
Therefore, we proposed a DRL-free mechanism with cross-layer optimization to achieve common-mode interference rejection like shown in Fig. 8 . Specifically, in the signal sensing layer, as the setting of D-TCR electrode configuration, the outer ring voltage of the active D-TCR electrode is fixed in theory, which is given by (10) . Since there is no conductive contact between the human body and ground, hence, the output signal voltage of the D-TCR can stabilize the human body to reduce the coupling with electromagnetic radiation signals. In the signal processing layer, we design a high precision system with high CMRR, which utilizes a multilayer print circuit board to provide an ultra-stable power supply for generating the v(2r, θ). Meanwhile, the analog and digital part of the system are isolated to reduce interference between them. Should be noted that even the output voltage of the D-TCR is not stable, it still can provide the function of driving the unstable human body since the all electrical parameters on the transmission path are kept as consistent as possible for future Differential cancellation.
B. THE POST-STAGE SYSTEM IMPLEMENTATION
The post-stage signal conditioning circuit prototype and framework are shown in Fig. 9 , which mainly consists of analog front end (AFE) module based on ADS1299 (Texas Instruments) [32] for the signal amplification, filtering, analog-to-digital conversion, which is a low-noise, lowpower consumption, multichannel, simultaneously-sampling, 24-bit analog-to-digital converters, and microcontroller unit (MCU) module for the command control and data transmission. In addition, the dimension of the post-stage circuit is 58mm × 50mm × 20mm. 
V. SYSTEM ELECTRICAL CHARACTERIZATION EVALUATION
In this section, a comprehensive evaluation test protocol is designed for assessing the electrical characterization of the proposed system. The skin-to-electrode interface impedance of the Ag NWs/PDMS material and signal sensing capability test, which can be referred to our previous work [24] , is omitted. In this paper, the frequency response of the proposed ECG electrodes is evaluated. Meanwhile, the evaluation of the system that involves the inherent noise with temperature changing, benchmark signal, DRL-free mechanism, and 50 Hz power line interference attenuation tests are performed. The obtained ECG signal was compared with the commercial Compumedics Grael Polysomnography (Grael PSG).
A. THE NOVEL ECG ELECTRODE FREQUENCY RESPONSE TEST
To characterize the performance of the active ECG electrode, the frequency response is measured. Keysight Dynamic Signal Analyzer (35670A), which provides a 1 V p-p sine-wave signal with frequency varied from 0.1 Hz to 20 kHz, was utilized to execute the frequency response experiment. The output signal of the device was connected to the central dot of the proposed active ECG electrode via a copper plate. The magnitude response, phase response of the proposed active ECG electrode is shown in Fig. 10 .
In the frequency band of ECG (1∼100Hz) signal, the proposed electrode provided a stable magnitude response and a linear phase response, in this way, the raw signal will be transferred to the post-stage circuit without distortion and attenuation problem. 
B. THE EVALUATION OF THE PROPOSED SYSTEM
To evaluate the performance of the proposed system, the inherent noise is measured. Meanwhile, the signal obtained by the proposed system and commercial device is compared by evaluating the quality of benchmark signal, and the impact of the DRL-free mechanism and the power line interference.
1) THE INHERENT NOISE TEST WITH TEMPERATURE CHANGING
The performance of the signal-to-noise ratio and bandwidth of the bio-potential acquisition system is directly related to the temperature-related inherent noise of the entire system, which caused by internal voltage noise and current noise should be as small as possible [33] . Hence, the inherent noise of the proposed system is measured for evaluating system performance.
In this test, the input channel is shorted to the ground of the proposed system, and the temperature is ranged from 10 • Cto100 • C with the interval of 10 • C. There are 5 trials at each temperature test point. Each trial lasts 900 seconds which is limited to the constant temperature maintenance condition in this test. The root means square (RMS) of the output signal given by (20) to indicate the average noise level compared with the idealized 0 V noise level.
Experimental results, as shown in Fig. 11 , demonstrate that the inherent noise is relatively stable in the working temperature range (20 • C ∼ 50 • C) with a maximum of 8.7uV. However, RMS increases with temperature raising, which is due to that the electronic thermal noise increases as the temperature rises [34] . Compared with the ECG signal, the amplitude of the inherent noise is minuscule. It guarantees the quality of the obtained ECG signal.
2) THE BENCHMARK SIGNAL TEST
To verify the long-term monitoring performance of the proposed system, a benchmark signal test is executed including 5 trials, and each trial lasts for 8 hours. During the test, the ProSim TM vital signs simulator (ProSim TM 8, Fluke) is utilized for generating the standard ECG signal with the 60 beats per minute (bpm). Meanwhile, the medical Grael PSG device and the proposed system are used to acquire the ECG signal simultaneously.
According to the ECG waveform construction and appearance time of the P segments, QRS complex waveform and T segments, ECG can be utilized to assess the health status of a subject [35] , [36] . Hence, for executing PQRST waveform features comparison, the Multilevel Teager Energy Operator (METO) algorithm [37] , [38] and Pan and Tompkins [39] (P&T) algorithm are utilized for QRS complexes localization. The filtered experiment results are given in Fig. 12 .
Define the appearance time of the PQRST feature point as P t , Q t , R t , S t , T t , hence, the RMS error is given by:
where P t | PSG and P t | proposed stand for the appearance time of the P wave acquired by the PSG device and the proposed system, respectively. Similarly, we can get the Q error , R error , S error , T error . The average error rate of all of the trials is shown in table 1. The variation of the appearance time of the PQRST between the proposed system and the commercial device is around 0.05 s in an 8 hours monitoring. It indicates the proposed system can obtain the detailed features of the ECG signal. Meanwhile, the acquisition of the ECG signal by the proposed system is almost synchronous with the commercial device.
3) DRL-FREE MECHANISM AND 50 HZ POWER LINE INTERFERENCE ATTENUATION TEST
To evaluate the effectiveness of the DRL-free mechanism, the proposed system with active D-TCR electrodes and the PSG device with standard Ag/AgCl electrodes are used to acquire the signal from RA leads and V4 simultaneously under the FIGURE 13 . DRL-free mechanism and power line interference attenuation test.
same electromagnetic radiation environment without any filtering strategy. It is worth to mention that the PSG device utilized the standard setup, which consists of four electrodes and one of them provides the drive function. Experimental result reveals that the PSG device has higher 50Hz oscillation interference while the active D-TCR system can attenuate it both from time-domain and frequency-domain, as shown in Fig 13. Based on the DRLfree mechanism with cross-layer optimization, the proposed system can attenuation power line interference efficiently and simplify the ECG signal acquisition configuration using only two electrodes.
VI. TOWARDS A SLEEP SCENARIO APPLICATION
For ECG monitoring during sleep, the quality of the obtained signal may be affected by the different postures. Meanwhile, in a non-contact ECG measurement, different materials of clothes may also influence the quality of the signal. To evaluate the effectiveness and feasibility of the proposed system, the impact of the different postures and clothes materials are provided in this section.
A. EXPERIMENTAL SETUP AND DESIGN
In this paper, 16 healthy volunteers (9 males, 7 females, mean age 25.12 ± 5.87, and range 19-31 years) participated. All participants had no history of neurological or cardiovascular disease. Furthermore, detailed written and verbal information on the experiments was given to all participants, and all 16 participants gave their written informed consent before the experiment.
In a sleep scenario [40] - [42] , as three most frequently used postures namely, supine, lateral, and prone posture (as shown in Fig. 14) , are need to be involved in assessing the feasibility of the system. Meanwhile, in view of the habits of dressing during sleep, ECG measurement without pajamas or with different materials of pajamas also need to be taken into consideration. In the sleep scenario task, three sessions with a total of 12 trials, which corresponds to the standard ECG acquisition test, clothing materials influence test and posture influence test. The detail experimental setup is shown in table 2. And each trial lasts for 10 min. Meanwhile, two commonly used pajamas material, i.e., 100% Cotton with a thickness of 1.5mm (cloth1), 65% Cotton with 35% Polyester with a thickness of 1.5mm (cloth2), are used. Should be noted that the cloth texture and colors are consistent for cloth1 and cloth2. Meanwhile, the same filtering strategy, which is a digital FIR bandpass filter, is utilized to weaken noise for signal quality comparison in the future.
B. MEASUREMENTS OF THE PROPOSED SYSTEM
To give the quantitative analysis of the ECG, the error rates of time-domain and frequency-domain features that extracted from ECG signal are measured, as shown in table 3, which contain abundant rhyme and pathology information so that can be utilized for clinical diagnose, health tracking, drug efficacy evaluation, etc.. The formula is given by:
where N stands for the serial number of the subject.
1) STANDARD ECG SIGNAL ACQUISITION
To avoid the influence of clothes and postures and assess the fundamental performance of the system, we executed the standard ECG signal acquisition test. Specifically, the signal between RA lead and V4 lead on the human body surface (namely, Topless status) is acquired by both of the proposed system and PSG device simultaneously with the sampling rate of 256Hz. During the experiment, the disposable Ag/AgCl electrodes were placed close to these proposed electrodes to measure ECG synchronously. Fig. 15 is the result of one participant, which indicated that both time-domain and frequency-domain have strict consistency. Furthermore, to explore the signal quality from the view of the feature contained in ECG signal, HRV series based on QRS detection algorithm, which is developed by Pan and Tompkins (P&T), is extracted from the ECG signal acquired by two sets of the system for assessing the retention of features in the signal. Meanwhile, statistical Bland-Altman analysis, which is frequently applied for the consistency analysis of two detection methods to demonstrate whether they can replace each other [43] , is given in Fig. 15d . Experiment results manifest that 99.63% of the measurement values is located in 95% limits of agreement and the maximum difference is 0.0048 s in the 95% limits of agreement range. Compared with the mean of the two serials of the HRV signal, which is 0.8735s, it indicated that the proposed system can achieve comparable signal quality with the standard measurement device.
In addition, the average error rate of the features is given in table 4. It shows the average Pearson cross-correlation coefficient (r value) reaches to 0.9921, which show the high consistency between the proposed system and PSG device. And the rest features error rate mostly less than 3%.
2) THE CLOTHING MATERIAL INFLUENCE EVALUATION
In this part, the impact of clothing materials on ECG detection is quantitatively analyzed. To keep the same acquisition environment except for clothing materials compared with PSG device, the ECG signal derived from RA and V4 leads is acquired by two sets of the device simultaneously while the electrodes of the proposed system are attached on the body via cloth1 and cloth2. The illustration of ECG acquired by the proposed system and PSG device via different clothing materials are given in Fig. 16 . From visually analyzing the morphological characteristics of the obtained ECG signals, the high similarity was observed. Meanwhile, the statistic measurements presented in table 4 also proved that there is a high consistency between the obtained ECG signals.
However, the signal acquired via the cloth1 significantly outperform cloth2. The cloth2 signal has more noise in baseline so that the P and T features almost disappear, which is due to the electrostatic charge in the contact interface. Studies have shown that the microstructure and properties of the material are the main factors that determine the electrostatic charge sequence and directly affect the size of the electric symbol and the charge amount [44] . Compared to polyester materials, cotton materials have more hydrophilic groups and better water absorption capacity. The electrostatic charge generated by friction will dissipate more rapidly, namely, it is less likely to generate static charges. However, the electrostatic charge will accumulate and affect the stability of the contact interface between the electrode and skin in cloth2 acquisition scenario, which has a high proportion of polyester. Whereas, due to the fact that the heart rhyme and some disease, as well as sleep states classification, is assessed by HRV series frequently, the proposed system is still able to provide sufficient information for sleep health surveillance.
3) THE POSTURE INFLUENCE EVALUATION
To evaluate the impact of the postures on the proposed system, different postures under the topless, cloth1 and cloth2 statues are executed, respectively. During the test, the electrodes are mounted on the pillow and mattress as the system architecture design. Fig. 17 presents the illustrations of the ECG signals obtained with different postures and different cloths. From the top to bottom, the ECG signals are acquired from the subject who is topless, with cloth1 and with cloth2, respectively. And for each row, the illustrations correspond to supine, lateral and prone posture.
Experimental results demonstrated that the proposed system can maintain all of the PQRST features under the supine, lateral and prone postures in topless, cloth1, and cloth2 status. In addition, the average r values of the HRV series reach over 0.95, which indicated the signal quality is comparable with the standard PSG device from the perspective view of the features. Furthermore, the statistical analysis of the time-domain and frequency-domain prove that the proposed system can capture the signal efficiently, which is given in table 4. Meanwhile, the results show that the signal quality is improved compared with session 2, which is due to the conductive contact environment of one of the electrodes is improved. While the baseline in the signal acquired by the cloth2 covered status is oscillating, which is match the analysis mentioned before.
In addition, it worth to mention that the slight difference in amplitude of the ECG signal is derived from the sensing localization, which is due to the ECG signal is a mapping of the cardiac electrical activation process on the human body.
While it can still capture all the PQRST features and provide valuable information for health surveillance.
VII. DISCUSSION AND CONCLUSION
In this paper, a cardiac monitoring system utilized for unconstrained sleep health surveillance is proposed. By combined the novel D-TCR geometry-based active ECG electrode design and cross-layer optimization method, the proposed system can reject powerline interference efficiently and acquire the high-quality ECG signal with only two electrodes. Meanwhile, benefited from advanced material fabrication technology, these electrodes are manufactured by stretchable and flexible Ag NWs/PDMS composite material, which provides a comfortable and non-contact ECG sensing solution for long-term monitoring without skin preparation. All of those significantly improve the monitoring comfortableness, signal accuracy, and simplified routine preparation time before the experiment to make sleep health surveillance more accessible for the public. To our best knowledge, this paper is the first study to propose a dual tripolar concentric ring (D-TCR) geometry-based ECG active electrodes. Furthermore, different from the visual inspection or morphological comparison to evaluate the signal quality in [45] - [48] , the effectiveness and feasibility of the proposed system were evaluated on a comprehensive test protocol which involves electrical characterization and features-based statistical analysis to assess the impact of different sleep habits.
The electrical characterization experiment results indicated that the proposed system has microvolt-level inherent noise, which is comparable with several SoCs [49] , [50] , with feeble power line interference without filtering process, which is different from the [51] , [52] . Meanwhile, the long-term benchmark signal test demonstrated that the PQRST waveform features can be obtained by the proposed system and commercial device. Furthermore, towards sleep scenario application, the comprehensive evaluation experiment has been given for evaluating the influence induced by sleep habits, which mainly includes clothes materials influence and sleep postures influence test. The experiment results indicated that the average error rate of the statistical features extracted from the ECG is less than 3% under different experimental setup, which is better than the state-of-art systems [53] , [54] . Namely, the proposed system can achieve comparable signal quality in different sleep states.
Although the experimental results prove the feasibility of the proposed system in unconstrained monitoring scenario, the system still can be enhanced by addressing the following issues in our future work. Firstly, optimize the electrodeposition, and provide an array of the electrodes to reduce the risk of signal quality degradation even failure caused by positional variations, as well as give a comprehensive numerical simulation for D-TCR active electrode for optimizing the size and radius parameter of it. Secondly, explore the signal quality change with the clothing materials and thickness to improve the novel material design and active electrode design, as well as establishing an electrical equivalent model of the interface between the clothing material, skin and electrode interface. Thirdly, to improve the robustness of the proposed system during sleep, the motion artifacts de-noising algorithm to eliminate the movement artifacts should be included. Furthermore, the proposed system can be extended to the familyused scenario and clinical-used scenario by integrating the cardiac disease detection algorithm for cardiac abnormalities detection in the future.
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